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Summary 
This paper reports on the influence of oscillations on product selectivity as well as the dynamics of 
product formation during the palladium-catalysed phenylacetylene oxidative carbonylation reaction 10
in a catalytic system (PdI2, KI, Air, NaOAc in methanol). The occurrence of the pH oscillations is 
related to PdI2 granularity and the initial pH drop after phenylacetylene addition. To achieve pH 
and reaction exotherm oscillations regulation of the amount of PdI2 is required, ensuring that the 
initial pH does not fall significantly below 1 after phenylacetylene addition. Experiments in both 
oscillatory and non-oscillatory pH regimes were performed in an HEL SIMULARTM reaction 15
calorimeter with the concentration-time profiles measured using a GC-MS. It is demonstrated that 
when operating in an oscillatory pH regime product formation may be suppressed until oscillations 
occur after which there is a steep increase in the formation of Z-2-phenyl-but-2-enedioic acid 
dimethyl ester. When operating in non-oscillatory pH mode the products are formed steadily over 
time with the main products being Z-2-phenyl-but-2-enedioic acid dimethyl ester, 2-phenyl-acrylic 20
acid methyl ester and E-3-phenyl-acrylic acid methyl ester.  
Introduction
The oscillatory nature of the phenylacetylene carbonylation 
reaction in the catalytic system (PdI2-KI-O2-NaOAc in 
methanol solution) has been previously reported1-5,7. The 25
products resulting from this reaction as shown in Fig. 1 are Z-
2-phenyl-but-2-enedioic acid dimethyl ester 1, 2-phenyl-
acrylic acid methyl ester 2, E-3-phenyl-acrylic acid methyl 
ester 3, E-2-phenyl-but-2-enedioic acid dimethyl ester 4 and 
3-phenyl-5H-furan-2-one 5. These products have been 30
isolated, purified by flash chromatography and compared to 
known standards using 1H NMR spectroscopy7.
Fig. 1 Reaction products. 
Experiments reported by Novakovic et al.5 were performed in 35
a reaction calorimeter allowing the measurement of pH and 
the reaction exotherm (Qr) using power compensation reaction 
calorimetry6. Simultaneous oscillations of both pH and Qr
were demonstrated. The Qr oscillations were found to be 
entirely exothermic and the total energy released during the 40
oscillations followed a staircase function with a maximum of 
600 J/oscillation. The Qr and pH oscillations were coincident 
but in opposite phase: Qr increases as pH falls. The 
occurrence and extent of oscillations were reported to be  
dependent on the PdI2 granularity
5,7.45
The main objective of this paper is to report the influence of 
this oscillatory behaviour on product selectivity and the 
dynamics of the reaction products formation. Experiments 
were performed in a reaction calorimeter and are reported for 
both oscillatory and non-oscillatory pH and Qr regimes. 50
Concentration-time profiles of reactant (phenylacetylene) and 
products were measured using a GC-MS while pH and Qr 
were recorded on-line. 
Experimental
All experiments reported were performed in an HEL 55
SIMULARTM reaction calorimeter using power compensation6
to measure reaction exotherm, Qr (W). The reactor is a 1 litre 
double jacketed glass vessel with a slightly narrowing 
diameter walls (Øaverage90 mm). Agitation is achieved through 
stirring (0-600 rpm; PTFE pitched blade impeller Ø45 mm). 60
The reactor is equipped with solid and liquid dosing units, a 
liquid sampling unit, an inlet gas mass flow controller, a 
temperature probe (Pt 100) and a pH electrode. Precise 
temperature control is achieved using an external cooling 
system with oil flowing through the jacket together with a 65
regulated electrical heater (0-150 W) inside the vessel. 
Changes in the heater base load (power compensation) are a 
direct measurement of Qr. Additional variables recorded were 
reaction temperature, pH, oil inlet and outlet temperatures, 
and agitation speed. The reactor system is closed but not 70
sealed allowing pressure to be maintained close to 
atmospheric.  
Methanol (400 ml) and PdI2 (quantity varied; up to 2.03 g, 
5.60 mmol) were added to the vessel and stirred at 400 rpm. 
The temperature was set and maintained at 40 °C. After 75
stirring the mixture for 45 minutes, KI (37.39 g, 225 mmol) 
and NaOAc (114 mg, 1.40 mmol) in 50 ml of methanol were 
added. After a further 20 minutes, purging of the system 
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commenced. Both the CO and air were simultaneously 
introduced through dip tubes at controlled flow rates of 50 
ml/min.  30 minutes after purging started, phenylacetylene 
(6.2 ml, 56.5 mmol) was added. In later stages of the 
experiments up to 50 ml of methanol was added to 5
compensate for evaporative loss. 
GC-MS analysis was performed on a GC-MS Saturn 2000 
using a Varian VF5 column. Samples taken were filtrated over 
silica, diluted in methanol and analysed using naphthalene as 
an internal standard. The method was as follows: injector 10
temp: 150 °C; oven initial temp: 100 °C followed by 5 
successive ramps (1 min at 20 °C/min then hold for 5 min) up 
to 195 °C (final temperature) which was held for 8 min. 
All chemicals were purchased from Sigma Aldrich and used 
as received. Phenylacetylene (98%), product number 117706; 15
palladium(II) iodide (99.99+%), product number 203963; 
potassium iodide (99.0+%), product number 221945; sodium 
acetate (99.0+%), product number 241245; methanol 
(99.9+%), product number 34860. The gas cylinders (CO 
(99.9%) and air) were purchased from BOC. 20
Results
Different batches of PdI2 have different granularity as 
illustrated in Fig. 2. This difference affects the ability to 
replicate the oscillatory behaviour that has been observed in 
this system5,7. It has been found experimentally by trial and 25
error that if the pH falls below zero after phenylacetylene 
addition, oscillations do not occur while if it remains close to 
1.0 an oscillatory reaction regime occurs. This behaviour is 
consistently reproducible. PdI2 granularity significantly 
affects the pH fall and to compensate for the changes in 30
catalyst granularity, different amounts of catalyst must be 
added to control the initial pH drop. 
a35
 b 
Fig. 2 Scanning Electron Microscopy (SEM) images of different PdI2
batches received from the same supplier: a) a sample taken from the batch 
used in the previously reported study5, b) sample taken from the batch 40
used in this work. 
Trial experiments were conducted with finely granulated PdI2
(Fig. 2b) added in a stepwise fashion to quantitatively 
establish the amount of catalyst required. The objective was to 
determine the amount of catalyst that results in the initial pH 45
falling to within the region: a) [-0.5, 0] for non-oscillatory 
regime and b) [1.0, 1.5] for oscillatory regime after 
phenylacetylene addition. It was found that in order to have a 
non-oscillatory mode a relatively large amount of PdI2 was 
required (2.03 g). To create conditions where pH and Qr 50
oscillate it was found that the amount of PdI2 used must be 
reduced to approximately 430 mg in order to prevent the 
initial pH falling to below 1. Note that to achieve oscillatory 
behaviour only 20% of the amount of coarsely granulated PdI2
as used in the previously reported oscillatory study (Fig. 2a)555
was required.  
Within the range (0, 1.0), pH is not the only variable that 
determines if oscillation will occur. The rate of the initial pH fall, 
which itself is related to PdI2 granularity, may also have a marked 
effect.60
Non-oscillatory operation 
Figure 3 shows the pH, heater power and the corresponding 
composition measurements in the non-oscillatory regime. As 
can be seen from Figure 3a, after the addition of 65
phenyalcetylene, the pH drops from 4.7 to 0 over 2 minutes. It 
then continues to decrease to -0.45 over a further 35 minutes. 
a
70
 b 
   c 
Fig. 3 Non-oscillatory operation: a) pH-time profile; b) heater base load-
time profile; c) phenylacetylene and products concentrations measured 75
upon phenylacetylene addition.  
Approximately 240 minutes after phenylacetylene addition pH 
begins to increase and over 600 minutes reaches a value of 
0.93. Over the next 80 minutes a steeper increase in pH is 
observed up to a value of 2.2. After this time there is a slow 80
increase in pH which reaches a final value of 2.8 at the end of 
the experiment (approximately 1750 minutes from the 
phenylacetylene addition).  Throughout the entire experiment 
the heater power showed a steady decrease, essentially due to 
evaporative loss. As the reaction volume decreases the contact 85
area with the cooling jacket falls thus reducing the heater base 
load demand to maintain isothermal operation (Fig. 3b). No
oscillations were observed in pH or heater power and the main 
products formed were 1, 2 and 3 (Fig. 3c). At the end of the 
experiment the phenylacetylene conversion was 91% while 90
the products conversions were 48% of 1, 11% of 2 and 3% of 
3 relative to the amount of phenylacetylene initially added. 
This discrepancy in product formation and reactant 
consumption appears to correspond to the sudden fall in 
phenylacetylene concentration upon its addition to the reactor 95
possibly to the 5,5-dimethoxy-3-phenyl-5H furan-2-one7.
Oscillatory operation 
Figure 4 shows the oscillations in pH and heater power that 
occur during the reaction. The corresponding composition 
measurements are shown in Figure 5. As can be seen from 100
Figure 4a after the addition of phenyalcetylene the pH drops 
from 6.5 to 2.5 over 2 minutes. It then continues to decrease 
to 1.2 over a further 20 minutes. A slow increase in pH is then 
observed with oscillations commencing 1050 minutes after 
phenylacetylene was added (1120 minutes from the beginning 105
of the experiment). The oscillations in pH continued for 
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approximately 760 minutes between pH values of 2.1 and 3.9 
(Fig. 4b). A corresponding oscillating reaction exotherm was 
also observed (Fig. 4c) through power drops of up to 3W per 
oscillation (Fig. 4d).  
5
 a 
 b 
10
 c 
 d 
Fig. 4 Oscillatory operation: a) pH-time profile; b) the oscillations in pH, 
c) the oscillations in heater base load, d) the pH and heater base load 15
oscillations.
Under these conditions, the main product formed was 1 (Fig. 
5). While product 2 was detected the concentrations were too 
low to be accurately measured. The product distribution 
therefore differed markedly from the non-oscillatory run 20
where products 1, 2 and 3 were all formed in significant 
amounts.  
Fig. 5 Oscillatory mode: Reactant and product concentrations measured 25
after phenylacetylene addition 
Furthermore, as can be seen from Fig. 5, the main formation 
of product coincides with the occurrence of oscillations. Prior 
to the oscillatory regime, the levels of consumption of 
phenylacetylene and formation of product 1 are around 10% 30
relative to the amount of the phenylacetylene initially added. 
Once the oscillations in pH commence a steep increase in 
reaction rate is observed bringing conversions of 
phenylacetylene to 73% and product 1 to 63% (relative to the 
amount of the phenylacetylene initially added) at the end of 35
the oscillatory period. This is a significant result as it shows 
that the oscillatory mode affects not only the selectivity but 
also the dynamics of product formation. Again the 
discrepancy in product formation and reactant consumption 
appears to correspond to the fall in phenylacetylene 40
concentration upon its addition to the reactor. 
Discussion and conclusions 
This work has demonstrated the differences in both product 
selectivity and dynamics of product formation when the 
reaction operates in oscillatory rather than non-oscillatory 45
mode. It was observed that the occurrence of the oscillations 
is related to the initial pH drop after the phenylacetylene 
addition and that this is further linked to the PdI2 granularity. 
It was found that if the pH falls below zero after the 
phenylacetylene addition, oscillations do not occur while if it 50
remains close to the value of 1.0, oscillations in pH and Qr 
will eventually occur.  
When operating in non-oscillatory mode, products 1, 2 and 3
were detected and quantified. The total product conversion at 
the end of the experiment was 62% relative to the amount of 55
phenylacetylene initially added. After the phenylacetylene 
addition and the initial pH fall, the rate at which the pH 
increased varied throughout the experiment (Fig. 3a) while the 
amount of products formed steadily increased over time (Fig. 
3c). This suggests that the rate of products formation is 60
independent of the pH transient.
When operating the reaction in oscillatory mode a high 
selectivity towards the formation of product 1 was recorded. 
Furthermore, product formation was suppressed until 
oscillations occurred when a steep increase in reaction rate 65
was observed. Once the oscillations stopped the rate of 
product formation decreased.  Total conversion of product 1 at 
the end of the oscillations was 63% relative to the amount of 
phenylacetylene initially added. This is very similar to the 
62% total conversion obtained in the non-oscillatory run. 70
Oscillations in pH were accompanied by a corresponding 
oscillating reaction exotherm, Qr, as shown in Fig. 6a. This 
data was calculated from Fig. 4c by subtracting the heater 
power from its base load. The total energy released during the 
period of oscillations may be calculated by integrating the Qr 75
profile shown in Fig. 6a. This integration along with the Qr 
calculation is performed automatically by the HEL iQ 
Evaluation Software. Over the time period with oscillations 
present, the total energy released was calculated to be 11.4 kJ 
(Fig. 6b). 80
a
b
85
c
Fig. 6 Oscillatory mode a) Qr-time profile during oscillations, b) total 
heat released and the formation of Z-2-phenyl-but-2-enedioic acid 
dimethyl ester 1 during oscillations , c) Qr and total heat released shown 
in more detail. 90
As can be seen from Figure 6b, the rate of energy release 
appears to be highly correlated to the rate of product 1
formation. This experimentally observed energy released may 
be compared with that calculated from a theoretical reaction 
enthalpy. CHETAH8, the ASTM computer program for 95
chemical thermodynamics and energy release evaluation, was 
used for this purpose. This software uses Benson’s method of 
group additivity to calculate the gas phase heats of formation 
of individual reactants and products and subsequently heat of 
reaction.100
The heat of reaction for the overall reaction to form product 1
(as shown in Fig. 7) is estimated by CHETAH to be 326.7 
kJ/mol. 
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Fig. 7 Overall reaction forming product 1.
Based on initial charge of phenylacetylene (56.5 mmol) and 
the conversion to 1 recorded during the oscillating regime 
(53%) this would equate to 9.80 kJ which is 86% of the 11.4 5
kJ recorded experimentally.  
Although more accurate energy calculations are needed, this 
result together with the observations that the Qr oscillations 
were found to be entirely exothermic suggest that product 1 is 
formed as a series of pulses during oscillatory mode and 10
would itself follow a staircase function similar to that of Fig. 
6c. In this study the sampling frequency was too low to 
substantiate this theory. 
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Fig. 2 Scanning Electron Microscopy (SEM) images of different PdI2 batches received from the same supplier: a) a sample taken from the batch used in 
the previously reported study5, b) sample taken from the batch used in this work. 
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